The "IAEA PWR benchmark problem" was intended to draw some conclusions about the accuracy of the different neutronic calculation codes used in the routine deterministic reactor calculation. The objective of this paper is to compare the results obtained using the MCNP computer code with previously obtained results, aiming to provide new reference solutions to the IAEA benchmark using the Monte Carlo method. The effective multiplication factor, the radial and axial assembly power distributions and the zone average group flux were calculated using Monte Carlo code (MCNP) version MCNPX 2.7.0. The MCNP results are compared with the results of deterministic calculations in two and three dimensions. Good estimates of effective multiplication factor and power distribution values were obtained. To assess the MCNP results, the collective percent error measures were determined and values calculated were less than 1%. The results presented in the present study could be considered an accurate solution for the considered IAEA PWR benchmark problem and can be used as Monte Carlo method based reference for this problem.
Introduction
Application of the Monte Carlo methods for simulating of neutron transport in nuclear reactors has more than fifty years of history [1] . Monte Carlo methods are very different from the deterministic transport methods. Deterministic computer codes are mainly based on diffusion theory model are using multi-group cross-section libraries. But the diffusion theory codes have some drawbacks because various geometric and analytical approximations are included, e.g. homogenization and multi-group cross-section treatment [2] . By contrast, the Monte Carlo technique can work with multi-group and continuous energy cross-section libraries; it simulates individual particle tracks of continuous energy through a given system of exact geometrical description, so it can provide a very accurate probabilistic transport solution [2] . Because Monte Carlo solutions represent an average of many sample histories, the statistical error or uncertainty is an equally important quantity as the actual results. As such, the statistical error is considered part of the answer [3, 4] . Moreover it can be used to decrease the running time of the calculation. Monte Carlo is a powerful modeling tool, which can be of great aid in the analysis of complex systems, due to its inherent capability of achieving a closer adherence to reality. MCNP code is one of the most popular particle transport codes used in nuclear reactors [5] . In this paper, Monte Carlo simulations have been done with MCNPX code version MCNPX 2.7.0 [6] The aim of this paper is to set an accurate reference solution using Monte Carlo Method to the IAEA PWR (Pressurized Water Reactors) benchmark problem. This specific benchmark problem [7] was intended to measure the performance of neutronics calculation methods, drawing some conclusions about the accuracy of the different neutronic calculation codes used in the routine deterministic reactor calculation."The IAEA 3-D benchmark eliminates the part of the nuclear data; as the two groups cross section data is provided through the benchmark. Thus makes code comparison possible." [8] Many research studies were performed for the before specified benchmark using deterministic method with different codes. In the following paragraphs some of these studies are mentioned. Theler G., Clausse A. and Bonetto F.J. [9] , have performed the solution of the "2D IAEA PWR benchmark" by using the Milonga code that solves the steady-state neutron diffusion equation with an arbitrary macroscopic cross section spatial distribution. Imelda Ariani and Doddy Kastanya [10] , at BATAN (Indonesia), have performed the evaluation of the "IAEA 3-D PWR benchmark problem" using NESTLE code, which is based on the diffusion theory with finite difference (FDM) and nodal expansion method (NEM) solvers. Russel D. Mosteller [11] has performed calculations using NESTLE advanced nodal code for four different types of reactors (PWR, Boiling Water Reactors -BWR, CANDU Heavy Water Reactors -HWR and High Temperature Gascooled Reactors -HTGR), validating the NESTLE code results for PWRs against measured data from PWR reactors. Purdue University has performed the 3D calculation for the same benchmark problem by using the Purdue code PARCS [12] , a US core simulator developed by Purdue University, which solves the two-group neutron diffusion equation utilizing the analytic nodal method (ANM).
In the present paper, the calculations for the specified benchmark were performed using a Multi-Group Monte Carlo method by MCNP code version MCNPX 2.7.0 [6] on one hand, and on the other hand to get some information on the range of errors in the deterministic codes resulting from space homogenization. The effective multiplication factor and power distribution for quarter core configuration were calculated in 2-D and 3-D models. The MCNP results are compared with the results of Milonga and PARK codes, in two and three dimensions, respectively.
Methodology and Problem Specification
The IAEA PWR problem is a very important standard benchmark problem developed to measure the performance of neutronics calculation methods. The problem conditions are specified in an ANL technical report [7] . It was submitted to IAEA by a group of experts from different organizations (CE, Ontario Hydro, Risø-Denmark, ORNL-US, KWU and GRS-Munich) in June 1976, and accepted for publication in June 1977 [7] . The problem identifies two-group cross sections for two different fuel assemblies and reflector regions.
"One hundred and seventy seven fuel assemblies including nine fully rodded fuel assemblies and four partially rodded fuel assemblies compose the core. Sixty four reflector assemblies surround the core. The fuel assembly pitch is 20 cm and the active height of a fuel assembly is 340 cm. The thickness of axial reflector is 20 cm." In this paper, the calculations for the specified benchmark were performed using Monte Carlo code MCNPX [6] . The calculation carried out in two models, namely 2D and 3D evaluations, as follow:
The 2D calculation is carried out by comparing each of the following parameters: the maximum eigenvalue, the radial flux distributions traverses g (x, 0) and g (x, x), the value and location of maximum power density and the average subassembly powers P k :
∫ ∑ , where V k is the volume of the k-th subassembly and "k" represents the fuel assembly number, numbered from 1 to 38 as shown in Figure ( 2). The 3D calculation was completed by comparing each of the following parameters: the maximum eigenvalue, the axial power distribution and the average subassembly powers P k . The MCNP results obtained in the 2D calculation were compared with the results given by the Milonga code [9] , while the MCNP results obtained in the 3D calculation were compared with the results given by the PARCS code [12] . For before mentioned results, the maximum and mean relative errors were given in this paper.
To assess the overall relative power distribution, the following collective percent error measures were selected:
-Average of the assembly relative power percent error (AVG) -This is a very useful quantity that gives an overall idea of the assembly relative power distribution accuracy.
-Root Mean Square (RMS) of the zone power percent error distribution, measure weights higher percentages of errors than the smallest ones. Consequently, it gives a better assessment of the distribution of the percent errors than the AVG error measure can give.
-Mean Relative zone power per cent Error (MRE) -measure weights the percent error with the reference relative power, thereby linking the percent error distribution to the power distribution.
Where N is the number of fuel assembly, e n is the calculated percent error for the n th assembly power P n , and P avg is the average power of assemblies.
Results and Discussions
For fuel assembly design and whole core safety analysis the estimation of effective multiplication factor and power distribution are very important. In this paper, a multi-group Monte Carlo calculation has been performed in order to obtain the effective multiplication factor, the group fluxes, and the radial and axial assembly powers.
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The multi-group Monte Carlo calculations have been performed using the MCNPX transport code, both for 2D and 3D evaluations.
I-Two dimensional model calculations:
In this stage, the calculations was run with 1.0*10 7 histories, yielding a k eff of 1.03006, with a standard deviation of σ=11*10 -5 . The effective multiplication factor value calculated using MCNP code was compared with the one obtained using Milonga code, and are presented in Table ( 2). Moreover, the radial flux transverses and were calculated (see Figs. 3 and 4 ) and then compared with the results obtained with Milonga code. Figure (8) shows the MCNPX results of radial relative power distributions for octant of the fuel. These results were also compared with the results given by Milonga code. Table ( 3) shows the maximum and minimum values for each of zone average thermal, zone average fast flux, relative power, and the relative deviation. To assess the overall assembly power distribution, the average relative assembly power percent error (AVG), root mean square (RMS) of the relative assembly power percent error distribution, and mean relative assembly power percent error (MRE) were calculated using eqs.1, 2 and 3. 
II-Three-dimensional model calculations:
The calculation was run with 1.2*10 7 histories, yielding a k eff of 1.03030, with a standard deviation of σ=118*10 -5 . The effective multiplication factor calculated by MCNPX code was compared with the result given by PARCS code, the comparison is shown in Table 5 . The results of axial power distribution are compared with the results of PARCS code and shown in Figure (9) . The assembly relative power distributions of quarter core (power maps are normalized to 1) are shown in Figure (10) . Table  ( 6) illustrates the maximum and minimum values of relative power and the difference for PARCS and MCNPX calculations. To assess the overall assembly power distribution, the (AVG), (RMS) and (MRE) percent error measures were calculated. Table (7) gives the error measures for 3D relative power distribution.
From the previous Figures and Tables, it can be noticed that:
-A low percent error of eigenvalue was observed in Table (5) . Also, it must be taken into account that the estimated standard deviation of the effective multiplication factor was 0.00118, which is an acceptable value.
-MCNPX 3D-axial power distribution values shown in Figure (9 ) are in very good agreement with the reference values in the center of assembly. But a small deviation can be noticed at the ends of the assembly.
-Figure (10) showed that the assembly relative power distributions calculated with MCNPX code agree well with those obtained with PARCS code, with a very small difference.
-From -From Table (7) it can be observed that the AVG, the MRE and the RMS error measures are less than 1%, which is considered to be very good results.
-From all previous results, the errors in MCNPX results are very small. So, all results presented in this paper are accurate results for reactivity, flux and power distribution.
In almost all cases considered in this study, both for 2D and 3D evaluations, the MCNP calculated parameters of interest demonstrated a good compatibility of the computational modeling performed for the IAEA PWR problem with Melonga and PARK codes. Consequently, the present study results may be considered to be an accurate reference solution with MCNP Monte Carlo transport code, which can be used as reference for the IAEA PWR benchmark problem. 
Conclusion and Discussion
The aim of the present work is to set an accurate reference solution for the considered benchmark using the MCNP Monte Carlo transport code. It must be considered that the Monte Carlo methods are more accurate than the deterministic ones, especially because of detailed geometry without homogenization. The effective multiplication factor, the radial and axial assembly power distributions and zone average group fluxes were calculated. The results were compared against (deterministic) reference solutions, both for 2D and 3D evaluations. Moreover, for all the results in 2D and 3D calculations, the collective percent error measures were calculated. The AVG, MRE and RMS error measures were less than 1 %. The MCNP results are as good as, or better than, those obtained using the deterministic calculations, and as accurate as could be reasonably expected in a numerical solution. We can conclude that, the present results may be considered to be accurate reference solutions using Monte Carlo method and can be used as reference for the IAEA PWR benchmark problem.
